Production modeling and cost estimation are among the main drivers in contemporary approaches to design aircraft and aircraft components. However, the existing methodologies presented in academia to evaluate these disciplines are not widely used in the industry because of (a) black-box behavior of the current production modeling systems, (b) lack of connection between the production modeling systems and the design process, (c) elevated cost and time needed to implement the methods, (d) confidentiality of production information, and (e) resistance to change the working methods.
I. Introduction
During the past decades there has been a shift in the aerospace industry's main drivers towards the reduction of overall cost and lead-time [1] . It is estimated that over 30% of the total aircraft cost is incurred during production [2] , whereas 80% of this cost is determined during the conceptual design stage [3] , when engineers have more freedom in their design decisions. Consequently, engineers are starting to consider the implications of their decision-making on production early in the design.
Although some progress has been made in the development of methodologies to model production of aerospace vehicles [4] [5] [6] , the level of implementation of these methodologies in industry is limited. Members of the industry still use traditional methods to model production, which are mostly manual and dependent on the engineer's experience. This makes the design process time-consuming, and therefore, engineers can only check a simplified set of cases before the release of the production plan [6] .
In view of this situation, the following points likely have an impact on the reasons of why the academic advancements are not used in industry: (a) black box behavior of the production modeling systems [7] , (b) lack of connection between production modeling and the design process, (c) elevated cost and time required to implement in the industry the methods proposed in academia [8] , (d) confidentiality of information about processes necessary for modeling production, and (e) resistance to change the current methods [9] .
The research presented in this paper focuses on the development of a methodology that seeks to mitigate these drawbacks. The methodology is based on the combination of knowledge-based engineering (KBE) and semantic web technologies (SWT), and leads to a framework capable of modeling aircraft production processes. The first step to achieve this is to identify the requirements of the framework, which are determined from the challenges and limitations found in the previous research and experiences. Hence, the next section explains the challenges of the current methodologies employed in the modeling of aircraft production. Section III deduces the main requirements and proposes a structure for a production modeling framework. This modeling framework has been employed in Section IV to demonstrate its application in the production of an aircraft fuselage. Finally, a conclusion and an outlook to future work are drawn. Implementing a KBE system requires high levels of skill and time. Although more time is required during the initial stage of the design, it will pay off later in terms of reduced amount of repetitive tasks to be performed and engineering changes once the design has been released into production, lowering the production cost in the long run [8] .
Secondly, KBE systems need knowledge and information that companies are not willing to provide. This is especially true for aircraft production and cost estimation, since the data is sensitive. Therefore, there should be a clear separation between knowledge and its execution, which will enable the aircraft production modeling systems to be flexible and adaptable so that companies can fill in or expand the production knowledge. To satisfy this requirement, it is highly important that the KBE systems are not made for specific cases, but that they are generic.
Finally, cultural issues make engineers reluctant to change their practices because of lack of trust in or understanding of new technologies, or considering them as a threat [9, 19] . The production modeling system should be developed taking into account the preferences and working methods of the future users, and making it easy to add or modify knowledge in an understandable user interface (UI) with a simple common language.
In summary, there is a need for a generic system that models aircraft production, where knowledge and its execution are separated and the practical aspects of the system's development are taken into account. Potential users of KBE systems often do not have KBE competence, or personal willingness to share knowledge. Consequently, the purpose of this research is to develop a generic KBE system to model aircraft production using semantic web technologies, in order to allow the evaluation of the interactions between design and production, while considering the practical issues that may arise in industry.
III. Framework requirements and structure
The main challenges to overcome when creating a production modeling KBE system have been summarized in Table 1 , which includes also a connection with the corresponding requirements. . High cost to implement KBE system 6. Reusable and generic system, so that the investment cost is worthwhile 7. Knowledge and information required 7. Flexible and adaptable system, which will facilitate the companies to use the tool with their own knowledge. Additionally, the use of SWT will help to protect the knowledge and increase maintainability.
8. Cultural issues 8. Increase usability: • Easy to modify or add information to the tool • Graphical user interface From these requirements, a framework to model production processes has been developed. This framework, named Manufacturing and Assembly Modeling Tool (MAMOT), consists of three parts as shown in Fig 
A. Knowledge module
The knowledge module consists of ontologies and rules, which represent formal knowledge and are expressed following the W3C standards using Web Ontology Language (OWL) and Semantic Web Rule Language (SWRL) respectively. While the ontologies contain all the information regarding the manufacturing and assembly processes, the rules express the logic that will help in the decision making process.
In the scope of this research there are two types of ontologies: (a) the meta-ontology, which is a meta-model that defines the different classes and their relations, and (b) the process ontologies, which are instances of the main ontology. Figure 2 depicts a part of the main production ontology, where a Component can have one or multiple ProductionProcesses which are executed in a ProductionLine. A ProductionLine is defined by Stations that are composed of Operations. These can also have sub-operations. With this approach any production process can be defined with as much detail as desired. This is illustrated in an example in Fig The ontologies are integrated with rules in SWRL to express first order logic, like the selection of the appropriate production processes. While the ontologies give the description of the different production processes, the rules help selecting which process should be used, as shown in Table 3 . Table 3 Example of a SWRL rule.
SWRL
If-then statement
IF: a component C, is made of material Aluminium, has a length greater than 500mm and has a thickness lower than 10mm
→ hasProductionProcess(?c, RollForm) THEN: the manufacturing process of that component is roll form
Due to the nature of the if-then statement, a component could have several production processes, which allows to explore all the possible production processes. An example is shown in Fig. 3 , where a stringer can be manufactured with roll-forming or extrusion processes.
B. Assessment engine
The assessment engine acts as a connection between the production knowledge (stored in the ontologies and rules) and the design process. This engine, which is the core of MAMOT, is programmed in Python † and has a web-based user interface. It computes the production lead-time and cost of each component according to the production lines and stations described in the ontologies, and generates the operation sequence that later on will derive the manufacturing dossier.
This engine employs directed graphs to create the right station sequence in the production lines and to generate the operation sequence. Figure 4a shows a station graph for a production line built using the information given in the ontology. From this graph, we can generate the lead-time graph (Fig. 4b) , where a station that has ingoing edges cannot start until all the previous stations are concluded. In the case shown in Fig. 4 The time required by each station is calculated with the time needed to perform all its operations. Figure 5 illustrates how MAMOT generates the operation sequence. The graph on the left shows a directed graph with the operations ordered following the knowledge from the ontologies. These operations are then instantiated by the assessment engine according to the specific station and the specific components that are being produced in that station. For example, the operations represented in Fig. 5a are instantiated in Fig. 5b for two components (Stringer-1 and Stringer-2). The operation Prepare tools has to be only performed once, while the operations Cut and Clean have to be carried out for each component separately. From this graph, the engine extracts the operation sequence using a path-finding algorithm. 
Fig. 5 Operation sequence examples: (a) generic description of the operations; (b) specific description of the operations for unique components.
The assessment engine also includes a fidelity ‡ translator in order to make the system capable of multifidelity analysis. It considers one level of fidelity in the production modeling system while allowing the user to define inputs at various fidelities. Consequently, modeling aircraft manufacturing and assembly will be possible at different design stages, enabling a more agile and flexible design process. ‡ The level of fidelity is defined by Gross [20] as "the degree to which a model reproduces the state and behavior of a real world object, feature or condition, i.e., it is a measure of the realism of a model".
C. Inference engine
Both the knowledge module and the assessment engine interact with an inference engine, which is used to execute the logic rules, deduce information from the ontology and assist in the selection of appropriate production processes. For this research, the Java-based reasoner Pellet § has been selected since it can be operated using Python. Figure 1 also includes the knowledge extraction and formalization phases prior to the deployment of the framework. The production knowledge is mostly held implicitly by the engineers or collected in reports and literature. In order to semantically link and formalize the scattered production knowledge, it has first to be extracted, organized and stored, which in turn facilitates the reuse and maintenance of knowledge. The knowledge acquisition and formalization has to be performed only once for a given process to populate the ontologies and rules. The formalized knowledge has to be updated when changes or additions in the production process occur. This will allow different users to have separate ontologies and rules, thus detaching the confidential information from the framework and protecting their knowledge.
While formalizing knowledge is a time consuming task, it will pay off thereafter by automating many repetitive tasks and avoiding engineering changes, since design modification and production modeling will be tied together. It is also worth noting that some companies, such as Synergeticon ¶ , are working on algorithms using pattern recognition to semi-automate knowledge formalization from documents.
Finally, MAMOT will be connected with aircraft design tools, allowing to study the interactions between production and design processes and to explore the design space in order to achieve optimized design solutions. This will be accomplished by an integration of the production framework and the different design tools due to the modularity of the KBE system and the use of overall aircraft design (OAD) parameters in production modeling.
IV. Application: production modeling of an aircraft fuselage
In order to demonstrate the operation of MAMOT, this section presents two examples of the production of an aircraft fuselage. The first example considers the manufacturing of the fuselage stringers (see Fig. 6a ), while the second shows the assembly of a fuselage section (Fig. 6b) . Figure 7 shows the diagram flow of MAMOT, as well as the relation between its modules. Once the production knowledge is formalized through ontologies, the user can provide the design input with Python or OWL. If the user decides to define the product hierarchy and design with Python objects, MAMOT will translate this input to OWL 1 to be able to extract the production process of each component using the inference engine 2 3 . After, the design is translated back to Python 4 , where assessment engine generates the production line for each production process 5 and the operation sequence for each station considering the components manufactured or assembled at the station 6 . If the user decides to give the input in an ontology, step 1 is not required and the tool will start from step 2 . The input ontology for both examples is shown in Fig. 8 , which corresponds to the AVACON aircraft [21] . In this graphical representation of the ontology only the product hierarchical structure has been displayed, using the hasComponent relationship. The ontology has other relationships concerning geometry, cost, weight, etc. that have not been shown in the figure to avoid cluttering. The description of the aircraft is more detailed for the fuselage than for the rest of the components. This means that for the fuselage the production can be modeled in more detail than for the other parts. MAMOT allows to explore the different production processes for the different components and give instantaneous feedback of changes in the design. The results obtained with MAMOT can be visualized in the UI, which is shown in Fig. 9 . On the left side of the UI, the user can navigate through the product and production hierarchies and change the input values. The results of MAMOT are displayed on the right part of the UI, where the user can explore the cost overview, time overview or manufacturing dossier. The cost overview tab displays a table with all the components and its associated cost; the time overview tab allows to explore the production line, stations and operations; and the manufacturing dossier tab gives the operations to be performed to each component to produce the final product. The figure shows the cost overview with the product hierarchy and the cost and weight per component. MAMOT enables the computation of the production cost with different fidelity levels. The more information is given, the more detailed the computation is. This implies that a component can have a cost based on an input value, a user-defined cost estimation relationship (CER) or derived from the production process. Similarly, the production process can compute the time based on a value assumed to the stations or by partially or completely describing the operations involved in each station. If a component is an assembled component (produced by joining two or more components together) then the cost is the accumulation of the individual components plus the assembly cost.
For the example of the fuselage assembly, its cost is computed as an assembled component, and its total cost is the cost of all its sub-components plus the assembly cost. Since not enough information about the components was given, the assembly cost is computed using a CER instead of the production operations.
Input tab
Output tab Fig. 9 User interface. Figure 10 shows the time overview tab, where the user can select the different production processes available for the computation of the total lead-time A . For each process, the components that are manufactured by that process can also be selected B . In the example, only Stringer-1 and Stringer-2 have been considered. The production line lead-time graph is plotted according to those inputs C . In the graph, we can see the order of the different stations and the critical path. However, this is still in implementation and the transfer and transport operations are not included yet. Upon clicking on a station, the operation sequence overview is displayed in the right side of the UI D . For a station and certain components (selected in B ) the operation sequence, with times and cost are shown. The above examples show how MAMOT allows to explore production as a discipline in design. However, these examples do not illustrate how MAMOT is integrated within the design process. As a part of future work, MAMOT will be integrated with other design tools using an automated design generator, as described in [22] , or an integration environment like RCE * * , or both.
To conclude this section, it is pointed out that accurate production data is still in the process of being collected for the validation of the results produced by MAMOT. However, the tool will produce results as accurate as the inputs given. If, for instance, some operations are not described in the ontologies, they cannot be considered. Hence, the estimated time and cost will not be realistic. Nevertheless, this allows to completely separate the knowledge of product and processes from their application.
V. Conclusions and future work
This paper has presented the need for modeling aircraft production using knowledge-based engineering since it is expected that it will provide several advantages in comparison with the current methods employed in industry, such as, automation of repetitive tasks, increase of creative design time, reduction in the number and duration of the design iterations and improvement in collaborative design to ultimately reduce development time. Additionally, it is proposed to use semantic web technologies to separate production knowledge and its application, improving the reuse and maintenance of knowledge as well as providing a more flexible and adaptable system. Consequently, the practical problems that arise when implementing the KBE systems, such as elevated cost and time, resistance to change, or confidentiality issues, will also be mitigated.
Besides the suggestion for a new methodology, this paper also introduced the main requirements that should be considered in the development of a new production modeling framework as well as the capabilities that will enable them. From these requirements, the production modeling framework MAMOT has been developed, consisting of three elements: the knowledge module, the assessment engine and the inference engine. The separation between the formalized knowledge and the system execution will result in a more transparent, flexible and adaptable tool. However, this separation of knowledge requires significant work of knowledge formalization. To facilitate that, MAMOT also provides a meta-model that can be easily edited so that different users can customize their ontologies and rules according * * http://rcenvironment.de/ to their own production knowledge.
Finally, the paper showed two examples within the production modeling of a fuselage using MAMOT, showing the current capabilities of the tool. Future work includes the formalization of in-depth knowledge to enable more complex SWRL rules involving product geometry, the consideration of transfer operations and shifts in the lead-time graph, the documentation of the results, and the execution of simulations along with experiments to obtain more formalized knowledge or to validate the results.
Despite of the fact that not all the described requirements are completely satisfied yet, this work shows a step forward in the direction of improving the current methods used in the modeling of aircraft production and its connection to design parameters.
